Objectives: High-risk human papillomavirus (HPV) infection leads to the development of several human cancers that cause significant morbidity and mortality worldwide. HPV type 16 (HPV16) is the most common of the cancer-causing genotypes and gains entry to the basal cells of the epithelium through a non-canonical endocytic pathway that involves the annexin A2/S100A10 heterotetramer (A2t). A2t is composed of two annexin A2 monomers bound to an S100A10 dimer and this interaction is a potential target to block HPV16 infection. Here, recently identified small molecule inhibitors of A2t (A2ti) were investigated for their ability to prevent HPV16 infection in vitro.
Introduction
High-risk human papillomavirus (hr-HPV) infection leads to the development of several infection-related cancers including cervical, anogenital and head and neck cancers that are a significant health burden worldwide. 1 -4 HPV type 16 (HPV16), the most common of the hr-HPV genotypes, is an obligatory intracellular non-enveloped virus that must gain entry into host basal cells of the epithelium to deliver its double-stranded DNA to the nucleus and the HPV16 capsid proteins play a vital role in these steps. 5 We previously reported that the annexin A2/S100A10 heterotetramer (A2t) facilitates infectious entry of HPV16 into epithelial cells through a direct protein -protein interaction (PPI) between the S100A10 subunit of A2t and the HPV16 L2 minor capsid protein. 6 PPIs are increasingly being explored for small molecule drug discovery and the identification of A2t as an HPV16 receptor makes it a promising target for inhibition. Annexin A2 (A2) is found cytoplasmically as a monomer or at the cell surface as a heterotetramer consisting of two A2 monomers bridged non-covalently to an S100A10 dimer. 7 The dimeric S100A10 structure yields two binding pockets that accommodate the N-terminus of A2 8 and it is this interaction that preliminary drug discovery studies have targeted. 9 Recently, inhibitors of A2t (A2ti) that specifically disrupt the PPI between A2 and S100A10 have been identified, 10 but have not been explored in the context of HPV infection. Here, we investigated the ability of A2ti to inhibit HPV16 entry and infection of epithelial cells in vitro. 11,12 HPV16 PsV were produced by co-transfection of 293TT cells with plasmids encoding codon-optimized HPV16 L1 and L2 following published procedures. 13 
Toxicity assay
HeLa cells were incubated at 378C in 5% CO 2 with increasing concentrations of A2ti-1 or A2ti-2 for 72 h. Cells were then counted and viability was measured by trypan blue exclusion. In control experiments, cells were left untreated or were treated with DMSO at matched concentrations to A2ti delivery.
HPV16 PsV infection assay with A2ti
HeLa or HaCaT cells seeded at 2×10 4 cells/well were incubated overnight in 24-well plates at 378C with increasing concentrations of A2ti-1 or A2ti-2. The following day, cells were incubated with HPV16 PsV containing a GFP reporter plasmid using an moi of 50. Using flow cytometry, infection was measured 48 h post-HPV16 PsV treatment as the percentage of GFP-positive cells. In control experiments, cells were left untreated or were treated with DMSO.
HPV16 PsV internalization assay with A2ti
HPV16 PsV were labelled with a pH-dependent rhodamine fluorophore (pHrodo, Life Technologies) or carboxyfluorescein diacetate succinimidyl ester (CFDA-SE, Life Technologies). HeLa cells seeded at 2×10 5 cells/well were incubated overnight with increasing concentrations of A2ti-1 or A2ti-2. The next day, pHrodo-or CFDA-SE-labelled HPV16 PsV were added at 1 mg/10 6 cells and incubated at 378C for 6 h. The mean fluorescence intensity (MFI) of the cells was analysed by flow cytometry. In control experiments, cells were left untreated or were treated with DMSO.
Results
In the current study, we examined the ability of two A2ti to block HPV16 entry and infection in vitro. The first of these inhibitors (A2ti-1) has a reported IC 50 of 24 mM 10 and it was hypothesized that A2ti-1 would block HPV16 PsV infection within a reasonable range of this value. The second of the tested inhibitors (A2ti-2) is similar in chemical structure, but the deletion of an ethyl group results in an increased IC 50 of 230 mM (Figure 1a) and was therefore predicted to be less effective in blocking HPV16 infection while having similar, if any, off-target effects. A2ti-1, A2ti-2 and DMSO matched to the concentration of A2ti delivery were found to be non-toxic at the maximum concentrations tested and did not affect total cells recovered after 72 h (Figure 1b and c) . Before performing internalization and infection assays, we confirmed that A2ti targeted A2t with isothermal titration calorimetry and found that A2ti targeted the S100A10 dimer of A2t ( Figure S1 , available as Supplementary data at JAC Online). Next, we sought to determine the effect of A2ti on HPV16 PsV infection. We found that the higher-affinity A2ti-1 reduced HPV16 PsV infection of HeLa cells in a dose-dependent manner with 100% inhibition of infection observed at 100 mM (Figure 2a) and similar results were observed in HaCaT cells (data not shown). As predicted, lower-affinity A2ti-2 was less effective with ,50% reduction in HPV16 PsV infection achieved at 100 mM while DMSO vehicle had no effect. To determine whether the reduction in infection was due to a decrease in capsid entry, we next evaluated the ability of A2ti to block internalization of HPV16 into cells using PsV Woodham et al.
labelled with a pH-dependent dye (pHrodo) that fluoresces only in acidified late endosomes indicating HPV16 endocytosis. A2ti-1 significantly decreased HPV16 entry in a dose-dependent manner with a 65% reduction at 100 mM, whereas only a 20% reduction was observed with A2ti-2 and no effect on HPV16 internalization was observed with DMSO alone, indicating that the observed block in HPV16 infection with A2ti is due in part to a block in entry (Figure 2b ). To ascertain that the decrease in pHrodo signal observed was not due to an effect of A2ti on endosomal acidification, entry of CFDA-SE-labelled PsV was also measured, which requires cleavage by cytoplasmic esterases for fluorescence independent of pH and, similarly, A2ti-1 significantly reduced CFDA-SE-labelled HPV16 PsV entry ( Figure S2 ).
Discussion
Our group previously identified A2t as an HPV16 uptake receptor using a combination of cellular, molecular and biochemical techniques including small hairpin RNA knockdown, antibody (Ab) neutralization and electron paramagnetic resonance. 6 Specifically, we demonstrated that the S100A10 subunit of A2t binds to amino acids 108 -126 of HPV16 L2; A2t coimmunoprecipitates with HPV16 at the cell surface; A2t mediates HPV16 entry and infection in an L2-dependent manner; and a previously identified natural A2t ligand, secretory leucocyte protease inhibitor, 14 reduced HPV16 PsV infection of epithelial cells. 6 Dziduszko and Ozbun 15 independently confirmed the role of A2t in HPV16 entry and infection by showing that (i) early HPV16 binding results in the translocation of A2t to the extracellular surface, (ii) A2t cointernalizes with HPV16 and mediates intracellular trafficking and (iii) anti-A2 and anti-S100A10 Abs block HPV16 PsV infection at different stages of HPV16 infection both pre-and post-entry. In the current study, we show a significant decrease in HPV16 PsV internalization and a complete reduction in HPV16 PsV infection in epithelial cells treated with a high-affinity A2ti (A2ti-1). Taken together, these results highlight the importance of A2t in HPV16 infection and demonstrate the potential for targeting A2t to block HPV16 infection. Additionally, A2t has been implicated in infection by other viruses including CMV, RSV, enterovirus 71 and HIV infection of macrophages. 14,16 -18 Consequently, A2t inhibition has broad appeal as an antiviral strategy.
